Abstract The edible brown seaweed sugar Kombu (Saccharina latissima) is a good source of dietary fiber (DF) and associated compounds. Besides it presents antioxidant capacity in vitro due to their sulfated polysaccharides and polyphenols. The effect of a DF-rich sugar Kombu diet on biochemical parameters and antioxidant and prebiotic effects in healthy rats was evaluated. Thus, rats were fed either a basal diet or a supplemented one with 10 % sugar Kombu for 4 weeks. Several health-promoting effects were found such as a decrease in triglycerides (TGL) and uric acid (UrA), and an increase in antioxidant status both in serum and cecum. Regarding prebiotic effect, higher cecum weight and total short chain fatty acid (SCFA) content were evidenced in the seaweed-fed group, without significant differences on total bacterial count of feces. Sugar Kombu and sulfated polysaccharides from its DF could be used as functional ingredients for further nutraceutical applications.
Introduction
Epidemiological studies have shown that consumption of fruits and vegetables is associated with reduced risk of chronic diseases. Association between dietary vegetable intake and chronic diseases is mainly attributed, along with the dietary fiber (DF) constituent, to a wide range of plant secondary compounds called phytochemicals. In consequence, an increased consumption of products from vegetable origin, which contain high levels of DF and associated phytochemical constituents, has been recommended (Dauchet et al. 2006; Jeffery and Keck 2008; Sun-Waterhouse et al. 2008) .
DF is not a single compound but a combination of chemical substances with varied composition and structure. The definition of DF has evolved since 1972 before the publication of Trowell's paper (Trowell 1972) , and the debate over developing a comprehensive definition for DF still continues today. A general feature of all given definitions is the fact that whole plant cell walls are considered as the major source of DF (Eastwood and Kritchevsky 2005; Cummings et al. 2009 ). Certain DF-rich food from vegetable origin could be very good sources of phytochemicals which include polyphenols, carotenoids, plant sterols, lignans, terpenoids, or sulfated polysaccharides. These so-called co-passengers or co-travelers of DF reach the intestinal tract as nondigestible food and are an essential part of the healthy DF complex, and thus contribute to the nutritional benefits of DF-rich food (Nyström et al. 2007; Gökmen et al. 2009; Jones 2010) .
Prebiotics are dietary carbohydrates which escape digestion in the small intestine, but undergo bacterial fermentation in the large intestine and beneficially affect the intestinal microbiota (Gibson et al. 2004; Macfarlane et al. 2006; Louis et al. 2007) . Fermentable carbohydrates could favor mineral absorption in the distal part of the digestive tract in several ways: hypertrophy of the cecal wall providing an increased surface area for assimilation of nutrients, increase in soluble mineral content, and accelerated blood flow (Younes et al. 1996) . In addition, the products of fermentation in the colon, mainly short chain fatty acids (SCFA), play a role in the improvement of mineral absorption (Louis et al. 2007 ).
Since ancient times, green, brown, and red seaweeds have been part of the diet in Asian countries, especially China, Japan, and Korea (Nisizawa et al. 1987) . In Western and European countries, seaweeds are utilized as a source of hydrocolloids (Juanes and Borja 1991; MarinhoSoriano and Bourret 2005) . Nowadays, around 16 MT (wet weight basis) of seaweeds and other aquatic plants are produced/harvested annually with an estimated value of US$7,500 million (FAO 2012) ; however, seaweed species are often regarded as underexploited bioresources (Cardozo et al. 2007; Khan et al. 2009 ). Besides, it is worth to mention that due to their diversity of compounds, seaweeds have been considered over the past few decades as promising live organisms for providing both novel biologically active substances and essential compounds for human nutrition, with high potentially economic impact in food and pharmaceutical industry and public health (MacArtain et al. 2007; Cardozo et al. 2007; Smit 2004 ). In addition, it is stated that much research, such as their role in nutrition and disease prevention, remains to be done before science-based dietary recommendations can be given for edible seaweeds (Smit 2004) .
A screening in vitro study for the potential antioxidant activity of several brown and red edible seaweeds commonly collected from the Northwestern Atlantic coast of Spain has been recently reported by our research group (Jiménez-Escrig et al. 2011) , this activity being attributed to nondigestible sulfated polysaccharides and polyphenol components (Jiménez-Escrig et al. 2011) . Besides, several antioxidant effects of edible seaweeds in animal models have been assessed. Phenolic fractions of the green seaweed Halimeda opuntia may protect the liver against oxidative stress induced by chemicals by modulating the gene expression and activities of antioxidant enzymes and consequently, its oxidative status (De Oliveira e Silva et al. 2012 ). Fucoidan, a sulfate polysaccharide from brown seaweeds, improves cognitive impairment induced by infusion of Aβ peptide in rats by reducing oxidative stress and cell apoptosis (Gao et al. 2012) . Also, fucoidan from Saccharina (Laminaria) japonica has been shown to ameliorate the oxidative stress in rats in experimental adenin-induced chronic kidney disease by the normalization of lipid oxidation levels and activation of enzymatic and nonenzymatic antioxidant defenses in serum . In healthy rats, cholesterol-adjusted total antioxidant capacity in plasma after the intake of brown seaweed Kombu (Laminaria ochroleuca) or Nori-fed (Porphyra umbilicalis) groups is significantly lower than those of control animals (Bocanegra et al. 2006 ). Himantalia elongata, tested in a hypercholesterolemic rat model as a functional ingredient in restructured meat (pork), has shown beneficial health effects through the reduction of oxidation mechanisms by activation of antioxidant enzyme expression, which leads to the blockage of hypercholesterolemic induction (Schultz-Moreira et al. 2011) .
The evaluation of the protective effect from Saccharina latissima intake in the serum and cecum in a healthy animal model could clarify the health-promoting attributes of brown seaweeds. These two compartments provide both a systemic representation and a partial representation of the gut environment, respectively. Therefore, the aim of this study was to evaluate the effect of diet supplementation with the edible brown seaweed S. latissima on biochemical parameters, antioxidant status, prebiotic effect, and mineral balance in healthy rats.
Materials and methods
The brown seaweed Saccharina latissima (Linnaeus) Lane, Mayes, Druehl, and Saunders, [formerly Laminaria saccharina (Linnaeus) Lamouroux)] (Guiry and Guiry 2012), commonly known by its Japanese name 'sugar Kombu,' was cultivated outdoor under natural conditions. The seaweed was provided by Porto-Muiños, a local food processing industry (Cambre, A Coruña, Spain). In the industry, the seaweed samples were rinsed with tap water to remove sand, epiphytes, and encrusting material and then air-dried at 50°C. The dried samples were milled and passed through a 1-mm mesh sieve. At the laboratory, the milled seaweed samples were stored in plastic bags and kept at 2°C for further assays. The proximate composition of S. latissima is given as a footnote in Table 1 . Animals, maintenance, and experimental design Female Wistar rats (n012; 193-202 g), 10 and a half-weekold, were obtained from the feeding animal center of Facultad de Biología, Universidad Complutense de Madrid (UCM), Madrid, Spain. The use of animals was conducted in compliance with the Laboratory European guidelines for the care and use of laboratory animals, and protocols were approved both by the Experimental Animals Committee at UCM and by the Bioethical Committee from CSIC (Spanish National Research Council). The rats were housed individually in metabolic cages in a room at 22±1°C, 60-65 % humidity, with a controlled 12-h light-dark cycle. Rats were fed a basal diet (Panlab S.L., ref. A04, Barcelona, Spain), and after a 1-week adaptation period (week 0), rats were divided into two groups. The control group (n05) and the Saccharina group (n07). The treated group was fed a diet which was similar to that fed the control group of animals, except that it included 10 % (w/w) dried S. latissima and minor changes to the proportion of the remaining constituents. The experimental period was 4 weeks. Diets and drinking water were provided ad libitum. The composition of the control and treated diets is shown in Table 1 .
General procedure
Body weight, food intake, fecal weight, and urine volume were recorded at the end of each experimental week, including the adaptation week. The feeding efficiency (FE), a parameter with reflects body weight gain versus food intake, was also calculated. Feces and urine samples were kept at −20°C until analysis. The rats were anesthetized with carbonic anhydride and killed by blood extraction via carotid puncture. Blood samples were collected into tubes and serum was separated by low speed centrifugation (1,500×g, 4°C, 10 min). Several internal organs (kidneys, spleen, and liver) were rapidly removed and weighed. The gastrointestinal tract was removed and its longitudinal measure recorded; also, the whole cecum (including its content) was weighed and recorded. Serum samples were stored at −80°C until analysis, and cecum was treated and stored as described in "Parameters in cecum". Also total bacterial count on feces was performed, namely, enterobacteria, lactic bacteria, fecal coliform, and Escherichia coli β-glucuronidase-positive.
Biochemical parameters in serum
Total protein, albumin, glucose, uric acid (UrA), triglycerides (TGL), total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), and high-density lipoprotein cholesterol (HDL-C) levels were measured in the rat serum through the standard enzymatic methods provided by Spinreact SAU, Girona, Spain, using either an Autoanalyzer (RA-500, Bayer, Spain) or a Beckman DU-640 spectrophotometer.
Antioxidant status in serum and cecum

Preparation of extracts from cecal content
An aliquot of fresh cecal samples (0.300 g) was placed in a centrifuge tube; 40 mL of methanol/water (50:50; v/v) was added, and the mixture was thoroughly shaken at room temperature for 1 h. The tube was centrifuged (2,500×g, 10 min) and supernatant recovered. Then, the obtained residue was added to 40 mL of acetone/water (70:30; v/v), and shaking and centrifugation steps were repeated. Both organic extracts were mixed and made up to 100 mL with water. Aqueous methanol-acetone extracts of cecal content were produced in triplicate and used to measure antioxidant activity (Jiménez-Escrig et al. 2001 ).
Reducing power
Antioxidant activity, in terms of reducing power (RP) towards Fe(III), of serum and organic cecal extracts in Saccharina-fed rats was evaluated (Benzie and Strain 1996) (Jiménez-Escrig et al. 2001) . Briefly, 900 μL of Ferric-Reducing Antioxidant Power (FRAP) reagent, freshly prepared and warmed at 37°C, was mixed with 90 μL water and either 30 μL (cecum)/10 μL (serum) of test sample or standard or appropriate reagent blank. The final dilution of the test sample in the reaction mixture was 1/34. The FRAP reagent contained 2.5 mL of a 10 mmol L Readings at the absorption maximum (595 nm) were taken every 15 s using a Beckman DU-640 spectrophotometer thermostatized at 37°C. The readings at 4 and 30 min were selected for calculation of RP values. 6-Hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), a watersoluble analog of vitamin E, is generally used to express antioxidant activities as Trolox equivalents (TE). Thus we select Trolox to allow comparison to literature values, by using it for methanolic calibration solutions of Trolox concentrations (2.5-200 μM).
Parameters in cecum
An aliquot of the cecal content was freeze-dried and weighed and results expressed as dry weight.
pH and SCFA
A portion of the cecal content was treated as described below to measure pH and SCFA, and the untreated sample left was stored at −80°C until analysis of the antioxidant status in the cecum was performed. After sampling, the cecal content was immediately diluted 1:3 (w/v) in Milli-Q water and then pH was measured using a microelectrode (Crison, micro-pH 2001) . To measure SCFA, the diluted samples were centrifuged (9,000×g, 15 min, 4°C) and the supernatants utilized for gas-liquid chromatography (GLC). A 0.4 mL sample with 0.5 mL internal standard, in 12 % formic acid (4-methyl valeric acid, 2 μmol mL -1
) and made up to 1 mL with water, was centrifuged as above, and 1 μL of supernatant was injected into a gas chromatograph (5890 Hewlett Packard) equipped with a flame ionization detector and a fused silica column (Carbowax 20 M, 10 m×0.53 mm× 1.33 μm film thickness). The carrier gas was nitrogen with a flow rate of 15 mL min -1
. The injector and detector temperature was 250°C and the column temperature was isothermal at 120°C (Tortuero et al. 1997 ).
Uronic acid
Water-diluted cecal samples were centrifuged as above (9,000×g, 15 min, 4°C) and the insoluble residue was freeze-dried. Uronic acids (UA) in freeze-dried residues (10 mg) were quantified colorimetrically by the Scott method (Scott 1979) , with galacturonic acid as standard and 3,5-dimethylphenol as the reagent, and results corrected for incomplete recovery of UA (26.9 g/100 g) from standard alginate hydrolysis using a commercial sodium alginate obtained from brown seaweed (Sigma-Aldrich) (Gómez-Ordóñez et al. 2010b ).
Lactate
Water-diluted cecal samples were centrifuged as above (9,000×g, 15 min, 4°C) and supernatants used for lactate determination by ion chromatography (IC). Supernatants were filtered through 0.45-μm filters just before injection. A Metrohm Advanced compact ion chromatographic instrument (IC-861 model, Metrohm AG, Switzerland) controlled using Metrodata IC Net 2.3 software and attached to an Advance Sample Processor (IC-838) with an Injection Valve Unit (IC-812) with a 20 μL sample loop was used in lactate analyses. The instrument was also equipped with a Pump (IC-818), an Eluent Degasser (IC-837), and a Liquid Handling Unit (IC-833) with a 0.45-μm online filter. Detection was performed with an Advanced Conductivity Detector (IC-819) from Metrohm. Separation was performed in a Metrosep Organic Acids column (250 × 7.8 mm, 5 μm particle size). The carrier material was a polystyrene-divinylbenzene copolymer with sulfonic acid groups. All measurements were carried out at 20°C (column temperature) under the following elution conditions: 0.5 mmol L −1 H 2 SO 4 and acetone (85:15; v/v) at 0.5 mL min −1 as mobile phase. Results were expressed as lactate in gram per 100 g cecal dry weight.
Total bacteria count on feces
Fecal samples (0.5 g) were collected in aseptic conditions into glass tubes with 4.5 mL sterile-buffered peptone water (Cultimed). Samples were vortexed and serial dilutions from 10 −1 to 10 −7 were performed. Three bacterial culture media were used: (1) for enterobacteria, a Violet Red Bile Glucose agar medium was prepared according to manufacturer's specifications (Cultimed) and set at 47±2°C; (2) for fecal coliform and E. coli β-glucuronidase-positive, a chromogenic chromID Coli (Coli ID-F, bioMérieux) medium was prepared and set at 47±2°C; and (3) for lactic bacteria, a MRS agar medium (Rogosa and Sharpe 1960) was prepared according to manufacturer's specifications (Merck) and set at 47±2°C. Enterobacteria, lactic bacteria, fecal coliform, and E. coli were harvested by adding 1 mL of each serial dilution and 15 mL of fresh culture medium in a Petri dish until solidification, and then 10 mL of fresh culture medium was again added to allow bacterial growth under anaerobic conditions. The incubation conditions were as follows: 30°C for 72 h for enterobacteria and lactic bacteria and 37°C for 24 h for fecal coliform and E. coli β-glucoronidase-positive. Afterwards colony count was performed in Petri dishes with a growth range of 0-300 colony forming units (CFU) and results were expressed as log CFU per gram fecal dry weight.
Mineral composition in diets, feces, and urine
To precisely evaluate the assimilation of minerals, control and Saccharina diets, feces, and urine samples were analyzed for mineral composition. Daily collected feces and urine samples of each animal were pooled (7-day samples) and kept frozen at −80°C until analysis. Fecal samples were freeze-dried, milled, and then ashed at a temperature increasing linearly to 550°C for 1 h and then at 550°C for 24 h in a microwave oven (Milestone MLS-1200 Pyro). The ashed samples, dissolved in 2 mL of HCl (50 %):HNO3 (50 %), (1:1; v/v), were diluted with water to 25 mL. Diets were ashed by the same method as that of feces. Urine was appropriately diluted with a 0.2 % solution of HNO 3 in water (v/v) and subjected directly to atomization. Calcium and magnesium concentrations in control and Saccharina diets, fecal, and urine samples were measured using an atomic absorption spectrophotometer (PerkinElmer AAnalyst 200). Calcium and magnesium samples were previously diluted with a lanthanum oxide solution to 0.1 % (w/v).
Mineral balance
Apparent mineral absorption and balance were calculated as follows: Apparent mineral absorption (AMA) (%)0[(mineral intake−fecal excretion) / mineral intake] * 100, whereas apparent mineral balance (AMB) (mg day -1 ) 0[(mineral intake−fecal mineral excretion)−urinary mineral excretion] and efficiency of mineral retention (EMR) (%) 0100 * (AMB (mg day -1 ) / mineral intake).
Statistical analysis
Results are expressed as mean values ± standard deviation. Comparison of means of three measurements, using a significance level of P<0.05, was performed by one-way analysis of variance (ANOVA). SPSS, version 17.0 was used.
Results and discussion
Weight gain and feed efficiency All animals treated with the S. latissima diet were in good health throughout the experiment, and no side effects such as diarrhea were apparent. In addition, treated rats appeared to behave normally throughout the study. Both diets, the control and the treated diet, showed similar energy values (Table 1) . During the 4 weeks of feeding, each rat consumed a similar amount of diet (treated group 511± 49 g and control group 471±20 g). By the end of the experiment, animals fed the algal-supplemented diet showed similar body weight gain and FE to those fed the control diet (Table 2) .
Internal organs and cecum weight and gastrointestinal tract longitudinal measure Several organs (kidneys, liver, and spleen) and the cecum were weighed in both groups of animals. Also the longitudinal measure of the gastrointestinal tract was recorded. As a result, no difference either in the organ weight or in the gastrointestinal longitudinal measure between both groups was found, except for kidney, in which a small but significantly higher weight was observed in the treated group (Table 2 ). Higher cecal weight values were found in treated rats in comparison to control. This fact is likely to be related to the physicochemical properties of the indigestible polysaccharides of DF (Robertson et al. 2000) , which are the main component of dry seaweeds. Supporting this, we have found a relatively high water retention capacity in S. latissima among several edible seaweeds, correlating directly to the soluble DF component of seaweeds (Gómez-Ordóñez et al. 2010b ). However, owing to the relatively high protein content in S. latissima (Table 1) , the role of protein component in the physicochemical behavior of the seaweed during the gut transit in the rat cannot be ruled out. Specifically, the maximum contribution of nondigestible proteins in the daily intake could be around 263 mg day -1 taking into account the seaweed intake during the experiment (around 1.8 g/day), the protein content (25.7 g/100 g) in S. latissima (Gómez-Ordóñez et al. 2010b) , and the resistant protein content (57 g/100 g) in Laminaria spp. (Rupérez and Saura-Calixto 2001) .
Serum biochemical parameters
No difference was observed either in TC, LDL-C, HDL-C, glucose, albumin, or total protein serum levels in seaweed-fed group as compared to control (data not shown). A significant decrease in serum TGL level (50.67 %, P<0.05) was observed in the treated group (Table 3) . Also, UrA has been depleted (67.83 %, P<0.05) at the end of the experiment in rats fed the brown seaweed. Supporting these results, a reduction in serum TGL attributed to the soluble DF component in apple fruit (Kosmala et al. 2011 ) is described in a healthy rat model. In addition, serum UrA has been depleted in enriched-DF diets in animal models (Jiménez-Escrig et al. 2003) . In humans, the importance of UrA as a contributing metabolic factor to (Gonçalves et al. 2012 ).
Antioxidant status in serum and cecum
The antioxidant system is constituted by enzymatic and nonenzymatic antioxidants, and it is difficult to evaluate each nonenzymatic antioxidant separately. Moreover, an isolated measure of one type of antioxidant does not take into account the potential synergic effects among antioxidants. Therefore, two biological compartments, serum and cecum, were evaluated in our study, using the RP as a global antioxidant measure.These compartments were chosen as a systemic one and as a partial representation of the gut environment.
Reactive oxygen species are generated in humans at physiological conditions as a result of normal intracellular metabolism in mitochondria and peroxisomes, as well as from a variety of cytosolic enzyme systems. The need to protect cells from oxidation stress, since an unbalanced oxidative stress could lead to apoptotic death or necrosis in cells, is well-documented (Jackson et al. 2002) . It is suggested that a redox state, which involves glutathione, could protect the cell from oxidative damage. Specifically, in the gut environment, the high exposure to exogenous reactive oxygen species is described. Thus, it is likely that an increase of the RP in this compartment would have a positive health influence (Jackson et al. 2002) .
Apparently, the intake of S. latissima did not lead to an increase in the RP value in serum (Table 4) neither at 4 min nor at 30 min. Since the major determinant of RP in serum is UrA concentration (Benzie and Strain 1996; Jiménez-Escrig et al. 2003) , the specific UrA value in serum was measured. Remarkably, UrA was depleted in the seaweed-fed group versus the control group. When the RP was adjusted in serum UrA value, there were significant differences between seaweed-fed and control rats in RP ser-UrA at 30 min (Table 4 ). In the case of UrA, the relationship of FRAP reaction at 4 and 30 min is absolutely lineal (slope 1.0197, P<0.0001). This means that UrA reacts completely with the ferric system immediately after the reaction is started, whereas other antioxidants react more slowly (Jiménez-Escrig et al. 2003) . In the present work, seaweed feeding leads in serum compartment to, on one hand, a UrA decrease and on the other hand, to an increase in certain slowreacting antioxidants in serum, which compensate and elevated the total RP ser-UrA at 30 min in the seaweed-treated group.
In the case of the animals fed the seaweed diet, the value of RP in the cecum was significantly higher (36.6 %) than those fed the control diet (Table 4) . A similar effect has been found previously in artichoke and okara, a Mediterranean edible vegetable and a by-product from the soybean processing industry, respectively, which are both rich in DF (Jiménez-Escrig et al. 2003; . In order to tentatively elucidate the bioactive compounds responsible for the antioxidant activity in the cecum, it is worth mentioning that our group has found a relatively high value of different phytochemicals in S. latissima, mainly sulfated polysaccharides and polyphenols, which are responsible for the in vitro antioxidant activity assayed (Jiménez-Escrig et al. 2011 ). These compounds are described as co-travelers of the DF component through the digestive tract, reaching as a Values are expressed as the mean value±SD for each group of animals. Serum and cecal samples from each animal were recorded at the end of the trial. A trace of isovaleric, isobutyric, and valeric acids was detected (<3 % of the total SCFA value) SCFA short chain fatty acids * Statistically significant difference between both groups of animals (P<0.05) Values are expressed as the mean value±SD for each group of animals. Serum and cecal samples from each animal were recorded at the end of the trial. RP analysis by FRAP assay was made on each sample in triplicate RP ser reducing power in serum, RP ser-UrA reducing power in serum without the contribution of uric acid, RP cec reducing power in cecal compartment * P<0.05 (statistically significant difference between both groups of animals) nondigestible fraction the final bowel (Nyström et al. 2007; Jones 2010) which are metabolized by the microbiota. As a consequence, active metabolites may exert their action in the body after its absorption at the end-part of the bowel (Schroeter et al. 2002; Selma et al. 2009 ). This is partly evidenced in this work by the measurement of UA either from fucoidans (main sulfated polysaccharides in brown seaweeds) or from alginate in the cecal compartment of the seaweed-fed rats (Table 3) . RP value is influenced by the redox state of the system (Olson 1996) . A highly reduced environment in the cecum of the rats fed the seaweed diet through the RP value was found, as compared to the control group. The redox state of the cecum was likely to influence the increase in the formation of specific reduced products such as propionic acid. Overall, these results could suggest the use of S. latissima as a source of DF with antioxidant co-travelers which would promote a beneficially reduced environment inside the cecum.
Prebiotic effect pH value, SCFA, and lactate in cecum Colonic fermentation resulted in a slight but significant increase of cecal pH value (6.41 ± 0.16) in the seaweedfed group compared to the control (5.95 ± 0.15). As expected, the mean values of total SCFA in cecum were significantly higher in the seaweed-fed group than in the control (Table 3) . It is interesting to note that the molar proportions of both acetic and propionic were significantly higher (29.8 ± 5.7 % and 15.8 ± 2.4 %, respectively) in the seaweed-fed group than in the control (10.6 ± 1.6 % and 19.9 ± 1.6 %, respectively), whereas that of butyrate was significantly lower (54.4 ± 7.67 %) in the seaweed-fed group than in the control (69.6 ± 2.3 %). Regarding isobutyric, isovaleric, and valeric acids, values were less than 3 % of SCFA in both groups of animals. Lactate values in cecal content did not significantly differ between groups (data not shown).
It is known that several factors in the gut environment, such as local conditions of pH, available dietary substrate, oxygen and hydrogen, and gut transit time, could lead to shifts in the species composition of the colonic microbiota, since bacterial metabolism and competition are strongly influenced by the gut environment (Gibson et al. 2004) . Apart from that, the degree of digestibility of a DF source from a brown seaweed increases with feeding period time in a rat model (Suzuki et al. 1993) . Regarding, fermentable substrate factor, it is described that in comparison to a caseinenriched diet, resistant protein increases pH and improves the productivity of total SCFA and cecal fermentability in healthy rats (Morita et al. 1998 ).
Studies dealing with the fermentation of brown seaweeds are controversial. It is stated (Devillé et al. 2007 ) that laminarin does not exhibit prebiotic effect like fructooligosaccharides (FOS), but its fermentation leads to high proportions of propionate and butyrate as compared with glucose, which mainly produces acetate. Michel et al. (1999) showed that laminarin is used by human intestinal bacteria with the production of propionate and butyrate. In a recent study in a pig model (Lynch et al. 2010) , laminarin intake increases propionic acid and butyric acid in the gut. Moreover, in anaerobic batch cultures inoculated with human feces, low molecular weight extracts derived from alginate bearing seaweeds were fermentable by gut microbiota as indicated by noticeable increases in SCFA, particularity, acetic and propionic acids (Ramnania et al. 2012) . Thus, more research concerning butyrate and propionate production by fermentation of brown seaweeds is needed.
Evidence had been shown that the seaweed diet modulated the distribution of SCFA through promotion of a relative increased level of acetic and propionic acids in the cecum. These results suggest the potential use of the brown seaweed S. latissima as a prebiotic, which modifies large intestinal fermentation. It is the first time that both the fermentation production of propionic acid and the evaluation of overall antioxidant status in the cecum have been linked in an animal model.
Uronic acids in cecum
Colonic fermentation resulted also in a higher UA content (10.2 ± 2.7 %) in the cecum of the treated group compared to the control (3.9 ± 0.6 %) (Table 3) . S. latissima is a brown seaweed composed mainly by the polysaccharide alginate (Gómez-Ordóñez and Rupérez 2011), which is a copolymer or mannuronic and guluronic acid. The twofold higher UA amount in the cecum of seaweed-fed rats was presumably mainly produced by the colonic fermentation of alginate which escaped digestion in the small intestine. However, we do not discard the presence of UA in the cecum due to fucoidan polysaccharide component as well in the assayed seaweed. It is the first time that UA from alginate or fucoidan fermentation of brown seaweed has been measured in the rat cecum. Alginate digestibility tends to the increase from 36 to 61 % during the 3 weeks of feeding period of Saccharina (Laminaria) angustata as source of DF in an animal model. Specifically, its measure in the feces of rats indicates that molecular weight of alginate is depleted 60 %, mannuronic acid being more digestible in comparison with guluronic acid (Suzuki et al. 1993 ).
Fecal weight, water content, and bacterial fecal count The weight and water content of feces was higher for the treated than for control group after the 28-day experimental period, showing statistically significant differences for water content ( Table 2) . As we discuss above in the "Internal organs and cecum weight and gastrointestinal tract longitudinal measure" relating cecal weight, differences on weight and water content of feces in control and treated groups may be explained by the different composition of the diets, which lead to different hydration grades of the DF components on the basis of the specific physicochemical properties of the DF in brown seaweeds (Gómez-Ordóñez et al. 2010b ). In the case of the seaweed-based diet, the relative content in soluble DF fraction was around 56.2 % of total DF, whereas in control diet, the DF component was 100 % insoluble DF fraction (cellulose) ( Table 1) .
No significant difference was observed in bacterial count on feces between both groups of rats (data not shown) at the end of the experiment. However, a tendency to increase in the total amount of bacteria was observed (control group, 25.40 log CFU g −1 ; treated group, 27.01 log CFU g −1 ; P< 0.3011). Our results showed that the intake of sugar Kombu for 28 days was not apparently capable to change significantly the composition of colonic microbiota in a healthy rat. Laminarin does not promote the growth of Lactobacilli and Bifidobacteria in humans (Michel et al. 1999 ). In contrast, in a recent study in a pig model (Lynch et al. 2010) , laminarin and fucoidan intake improve gut health through the intestinal Enterobacteria reduction and Lactobacilli increase. In addition, pigs offered postweaning diets containing laminarin and fucoidan had decreased colonic E. coli populations on day 11 and decreased colonic Enterobacteriaceae numbers on day 117 (Leonard et al. 2011) .
Mineral balance related to prebiotic effect Although a high intake of DF may retain divalent cations such as calcium and magnesium in the small intestine, some reports have demonstrated that the cecum and colon have a large capacity for calcium and magnesium absorption (Demigne et al. 1989) . Carbohydrates that escape digestion in the small intestine are substrates for the formation of SCFA in the large intestine which enhance mineral bioavailability (Younes et al. 1996) . Cecal fermentation varies according to the type and amount of DF (Yonekura and Suzuki 2003) . Edible seaweeds are particularly rich in the soluble fraction of DF and could induce different fermentative patterns (Jiménez-Escrig and Sánchez-Muniz 2000) . In this work, we evaluated the metabolism of calcium and magnesium in rat diets rich in algae during the 4 weeks of the assay (Table 5 ). Positive effects in calcium bioavailability were shown in seaweed-fed rats, with significantly higher apparent absorption (P<0.001) and true retention (P<0.001).
In this study, total SCFA content derived from cecal microbiota fermentation was significantly higher in the treated group than in the control one. Also higher cecum weight in the treated group was evidenced. These findings can influence mineral absorption in the large intestine. SCFA can directly improve mineral absorption by forming complexes with calcium, thereby increasing their uptake by the intestinal cells (Coudray et al. 2005) . SCFA also stimulate epithelial proliferation (Sakata 1986 ). SCFA originates mucosal cell proliferation and an increased absorptive area in the colon favoring both factors of calcium absorption (Zafar et al. 2004) . It is suggested (Lutz and Scharrer 1991) that the concentration of propionic acid is a more important factor in calcium absorption in the large intestine than other factors. In the present study, we found that proportion of propionic acid to total SCFA in the seaweed-fed group was twice higher than in the control one. In this research, magnesium absorption was unaffected by alga diets as compared to the control. These findings are similar to those obtained feeding rats different brown seaweeds such as Kombu (Bocanegra et al. 2008) , and they also are in agreement with the literature results in the evaluation of Mg apparent retention in diets rich in Wakame seaweed (Urbano and Goñi 2002) . Among SCFA, butyrate is the most effective in stimulating magnesium flux in relation to acetate or propionate (Coudray et al. 2003) . In this study, in contrast to the other two acids, butyric acid did not proportionally increase in the seaweed-fed group with respect to the control. Some authors (Younes et al. 1996) detect that high levels of dietary Ca produce an inhibition of Mg absorption in the cecum and contribute to reduce Mg digestibility. Coudray et al. (2005) reported that the soluble cecal Mg levels were inversely related to Ca intake. These facts could explain the lack of effect on magnesium absorption and retention in the rats feeding the seaweed diet in the current work.
In conclusion, intake of S. latissima, a brown seaweed rich in DF and associated compounds, could promote several health benefits in a rat model. Beneficial antioxidant status and prebiotic effect, and decreased cardiovascular risk were evidenced. Sulfated polysaccharides, which are an essential part of the brown seaweed DF complex and consequently, reach the large intestine undigested, seem to be responsible for the nutritional benefits of the seaweed diet. Further research on human trials need to be undertaken before any health claims for functional ingredients based on seaweed DF complex can be proposed.
